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ABSTRACT

We show that it is possible for neutrino oscillations to create
a state of the universe in which the net lept.onnumbers are appreci-
able and different for each species at the time of nucleosynttlesis,
Under these conditions mixing induced by the oscillations can influ-
ence the abundances of the light elements,

INTRODUCTION?

At the first Telemark Neutri,no Conference we prcs(!nted prelimi.-
n,~ryresults on the influence of’nrutrino oscillations and mixing on
the (-o::mologica]production of 4He.1 Wr prorni:;edfllrther rrsu]t.son
the cosmological prodll~-tionof’the ]jg}ltc*l(llllf*p~S iJrJd il]S() U study

of the effects of nrlltrir)oos(il Iatioflsduring the Ilon-rquilibrium
prl.ioclwhen Lllcoscillation 1(’rrgttris of the ordrr of the sizr of
thr Ilniv(lrsc. Now w(*m:lkr good OH thrsr promises.

‘]’0llIl(lr’l”Stilfld th(’ ])ossihlr (’ff(’(’tsfl(’lltrinoosril lotions nmy
Il:ive(Illrirlgthr cnr-lyst;rgrs0( rosmology) it is inrl)ort~lr)tto llrl(l(’r-
st,orldlllrfol]r(’lrara(’t(*risti(’timrs ilSSO(’iilt(t(l wit.11tll(’neutrinos,
‘1’h(’srilt’f? tll(’ ir]v(’rso01 thr Yirt(’ 01” rx]l;lllsiorlof tll(’Illlivrrs(’

I
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J(;Nr~ ‘
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AS the universe cools clown, T, ~2 and 7R all increase, whereas to de-

zr-ases, as is shoun in figure 1. At small enough t, to >> t and
the oscillations h,lvc no time to develop and thus exert no cosmolo-
g+.cal influence. There is always a time tfi at which t = t, but
whether the oscillations have any influence dependa on”whether t*
is grcaier or less Lhat ~~, the left-handed neutrino decoupling ?ime

at which IL = t. If t~ > ~~, then by the time that the neutrino

oscillations arc able to develop fully the neutrinos have tilready
decoupled and the oscillations caurot influence the evolution of
the universe, However if t~ C ~~ as il].ustrated in figure 1, then

there is a stage at which the oscillation time is of the order of
the expansion times while being greater than ~ . At this stage the
oscillritions are a non-equili,hrium perturhatio!i on the Lime evolu-
tion of tile univi!rse. If we introduce d gc!neral neutrino moss
m~trix, and include CP non-conservation in the lepton ~cction we
have the rlassir r[~quirvmcntq for generating a lepton excess - a
point which wos mnde hy Kholopov und Pctrov.3

WCShitvc illvr~tigntcd tile non-equilibrium prohl~m in mor~ deLail,
anti find that LIIP effect d{scu~srd I)y Kholopov and PoLrov3 in fact
ll]]t)WN il diffcrrizt leJ)ton cXCCNS for ellrh Hp(tCiPN Of 1(’p~on, Th i S

implirs that it Is l)oNrJll)lc for th(~ diffrrrnt NpccivN 01’ nculrinos
11) Ililv(m (I{ffrrrllt i)llt ;Il)l)rrcinblr ch(’rnll”al poLrnLinlH, Jt Wlitl tilill

Cir(’Ulllt4t illlC(! WP S]IOWIS(! h~?(t NigIlifi~illlL ~fi”~~t~ (’)11th~ 411c gcnrrntion
in our rnrl irr pr,)rr, provi(l(’(1 tl]ut ~

t)
<< T nrnr t - lf~, nN ix Lhr

(’iINf* in i’lgur~’ 1.
‘I%(”(“oll(iitioll” Lh:It tfi K T~ lot” ot4Ci]lntiollt4° 10 b(” pot(olltiN]lY

itll(”rt~~l iIIg tx’(ltlirON
,

d ;2
> (;N/(IF“ lo-()(d (4)
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\\llichparticipate in the much weaker right-handed weak inter-
~itions. The mass matrix is then of the general Majorana + Uirac
form

r

(5)

The diagonal.ization of “ and v
‘Ixes ‘aL BL v

and also v~L and (v~R)c.

In the usual terminology not only are the”left-handed neutrinos
mixed, but the lift-handed neutrinos are also mixed with left-handed
anti~eutrinos.

The mass ‘igenstates are Majorana particles. If we designate

these eigellstltes by Ni where i = 1,2, ....2nf. and set

‘(a+r,f)L
= (\)&R)c (6)

then W: can regard the v
Y

as obtained Irom the mass eigenst.ates by ~
unita;y transformation

=U,N, .
l)yL yl 1

(7)

Oscillations , of both the first and second classes, may then be
Olltilill(’(1in tl)Pusual way.2

It is, howrvcr, more convenient to introduce the density matrix
i(t), which is such tlliit<ul~(t)lti> is the number of neutrinos in
ihr state c1Vlttime t, given the inital i)umber of nvutrinos
<fyl~(o)lcr> of rnch sprci.ec. To allow for rxponsion of the universe,
rind-for roll isinns wr rrplficcthr ucunl evolution cqu~tion fo’.X

(9)

(10)
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SLI Ict detailed inter( ;rlgsolutions to (10) are still in progress
(perhaps to be reporteti Telemark III?), but wc believe that some
qualitative statements c be made, following Kholopov and Petrov.3
This we now do.

III. Tli;’NON-EQUILIBRIUM PHASE

We first note that the right-handed neutrinos interact much
more weakly than the left-handed ileutrinos, and so decouple at an
earlier time T*. As a result they do not participate in any sub-
sequent heatin~ of the universe that.occurs because of annihilation
of particles and antiparticles of mass m as ‘Tdrops below m. Thus

‘R ‘
the temperature of the right-handed neutrinos will be related

to TL by

~=
4 s/3

‘L
()l-i

where s is the number of species which have annihilated between T*
R

and t.
If Ti << ~~ then TR << TL and the number density of right-

hancledneutrinos (or left-handed antineutrinos) will be much less
than that of the left-handed neutrinos. This is the driving force
which, coupled with oscillations, produces a net neut.rino number
for the universe.

Tn general, the nqutrino densities are given by

2nf

n[vaL] =
L
* <n[uyL]P(vy~+vaL)>E

y=l

(11)

where the over-irgeis ovrr the cnprgy distribution of the “lelltrinos
and P(u + VflL) is the tri!nsition prolli]l~~]ity which strictly should

YL
hf’ ol)t~ljnr$d from tl)c Il,Iltzm:lrl C(~lliltiOtl (10), or ,an CIqULV:llrnt m;]hstcr
[’(~lliltion, Since w(*arc nssuming TR ~~ TL,

P[v

(’+nf ‘“l
,1<<n[vN~

n!ld W(* Ill!ly t rllll(’nt(’ tllr sum in (12) nt nil ol)tlining

‘f

(12)

(13)

y= 1
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However, urlitarity requires

2nf

7

L P(vyL+vaL) = 1

y=1

which allows

‘f

L
7

P(vyL+vaL) # 1

(14)

(15)

y= 1

jn the presence of second class oscillations. Thus even if we start
with nlvYLI= n[val,lfor ~,Y, f: n , equation (13) does not preserve

this equ~lity. We thus obtain our first lemma:

I,emma 1: ._Th:n~!rnb~r_(ien:ltiesof _t-hedifferent neutrino qecies. .—-—.———c. ..-—._.-._-——
~;ill in ‘general be different in the presence of n~utrino oscil-... . ..... _____ ... .. ....______ ___
l?tions of tne second class.

——
--- . -.—.... . . . . ___ _

The antiparti -e drnsities n[(v )C] ~htisfy an equation analo-
CYL

gous to (1:;,

‘f

n[(vaL)c] =
z

<n[(vyL)c] p ((vyL)c+(vuL)c)>E (16)

y= 1

In grn(*r~41 thr initiol l<f)[ltlitionswill hc such that n[(vyl,)=] =

‘l[(VYL)]; there is no nrt.lrplnn nilmbcrof the universe (St’e

Ilowver, ll,nrvey i]lld Kolb4 fc)ra s[’cnariowl]{!rcthis is not true in
g(’l)rlul)o

If I](]wrv(’r, wr llaVc Cl’ Violatioli as Wrl] 0S f+ccOf)(i clnss osril-
]otions then

P(VYL’V{YL) * l)((V !C’’(VUL)C)yL 1“ (17)

(18)
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‘f

La=<
x

Lyp(VyL+~aL)

y=l

+ ‘[ (vYL)c]*[p(vYL+va~)- ‘((uYL)c+(uaL)c)]>~ . (19)

So even if, initially, L = O and n[(~ )=] = n[(vaL)c] for y and
Y yL

_ ~, the seccnd class oscillations can develop L~<p, # 0, and
Y

L -La#O.
Y

Thus we arrive at our second and third lemmas:

Lemma 2; In the~resence of second class oscillations and Cl?..-.—. .—— ____ . .—-_ ———.—-—.- —-—— --..__
violations, generations of appreciable net lepton numbers L is
.— a—— —. —.—
P!.@121E&

Lemma 3: In the~resence of second class oscillations and CP
Fiolation the lepton numbers of different neutrino species need_ ....-..._._._._.L.-_..–~..____-. -–.. ..–__-_._ —. -—..—.
not.be Equal.. ——

Lemma 2 is the result of Khopolov and Petruv, but lemmas 1 and
3 are, to our knowledge, new.

We proceed to remaik that if these oscillations occ~r while the
l.eft-harldedneutrinos are still in thermal equilibrium with the uni-
verse, then these number distributions will be thermalizedt and will
thus be characterized by the equilibrium temperature T, and a chem-
ical potential pa which will in general be nonzero and different
for diff~rent species.

Wf.note that the experimental limit on p is

as long as tilel~cutrinos are light (of rest mass less than 1 meV).
This limit ap,,lics to all species and is simply a consequence of
requiring that the density of harkground neutrinos not exceed the
critical density. val(Jefi of ga or order 1 ars not excluded by
ohscrvntiooal evidence.

Aft-(’rthis phase t - t~ > TL, the oscillation prriod decreases

so that to
<< t, ~

L’
At this stage the oscillations simply develop

an rquilil~rilimdi~itritj{ltionchirr-arterizedby

[i,lll =0 , (20).-



to eliminate term of order t~l which would otherwise dominate the
Boltzman eqllation, and

g[g = o (21)

which eliminates the term in t .
(20) requires that $ the ~~agonal inthe mass basis, and (21)

that ~ be an equilibrium distribution. We examine the form and con-
sequences of this equilibrium distribution in the next section.

Iv, THE EQUILIBRIUM SITUATION

We have already described the circumstances in which ~ takes
on the equilibrium form for the left-handed neutrinos. In-general
~ is diag~nal in the mass basis, and

with fi
a ~E~:i)/kT

e +1

(22)

(23)

with pi#p..
J

It is then easy to compute the r(?a~tion rate, e.g., for v n+ep,
far which the T matrix element is T f, where the ~ubscripts re er
to leptotlstates in the weak intera~fion basis. Then

r(ven-~ep) = (T~T)ee

= z lTee121Uei12fi .

i

(24)

(25)

If either the p, are diff~t-ent.for diffrrent i, or there are second
CIUSS oscillati~ns, or both, then rates computrd through (25) will
differ from those without ncutrino mixing.

We ha.lcset.up the network equations up to 4Hc and solved them

for the light element. abundances for a simple two nrutrino species
model, say V iilld V ignoring for this stage of the c’a]cula’ion

e ~1‘
Lhe right-handed ncutri,nox. In this casv there are three additional
p~ramc~crs in the prohlrlr nnd it should be no surprise that we can

311P ~nd d aburldanc~s!obtain good fits to Llle ~r{e, . even if the limit
Nv f 4 is rulaxcd. For exillllpl(’, with 8 = 30°, We obtain Y

He
N 0.21

for NV = 6 i]t tl ~ 3 x 10-10”for &l = 0.3, ~2 = 0.5. l’hese some para-
tnrlcr’s thrn ~ivc



‘~ * ~ ~ ~o-5
x3He
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and — -

%!
4 x 10-5 ,

which are in good agreement witL observations. Detailed results
will be published elsewhere, but it should be obvious that there
is now more than enough freedom in the parameters to fit the
observed abundances without serious restriction on N

v“
Indeed,

for nucleon to photon ratios smaller that 10-9 the sensitivity of
Xd and X3 to ~1 and [2 is weak ~nough that any pair of values of

He
El and ~2 which fitY4 will also fit Xd and

He

v. CONCLUSIONS

x3He “

We have shown that if second class oscillations and CP viola-
tions are introduced in the neutrino sector it is possible to gener-
ate a situation where the lepton species numbers La are appreciable
and distinct at.the time of nucleosynthesis. These are precisely
the conditions under which neutrino mixing induced by neutrino
oscillations can influence the nucleosynthesis process. These cir-
cumstances introduce many new parameters into the nucleosynthesis
problem enabling one, for example, to fit the observed light element
abundances without constraini~g th..number of neutrino species
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Fig. 1: Development of the characteristic times associated
with neutrinos with the evolution of th(’universe.


